In many accelerators running positively charged beams, ionization of residual gas and secondary electron emission in the beam pipe will give rise to an electron cloud which can cause beam blow-up or the loss of the circulating beam. One solution to avoid the electron cloud is to ensure that the vacuum wall has low secondary emission yield (SEY). The SEY of thin films of TiN and sputter-deposited non-evaporable getter were measured for a variety of conditions, including the effect of recontamination in an ultra high vacuum environment. 
Introduction
Beam-induced multipacting, which is driven by the electric field of successive positively charged bunches, arises from a resonant motion of electrons that have been initially generated by photons, by gas ionization, or by secondary electron emission (SEE) from the vacuum wall chamber. These electrons move resonantly along the surface of the vacuum chamber, occasionally getting "kicked" by the circulating beam to the opposite wall. The electron "cloud" density depends on characteristics of the positively charged circulating beam (bunch length, charge and spacing) and the secondary electron yield energy spectrum of the wall surface from which the initial electrons are generated. The electron cloud (EC) effect, started by multipacting, has been
Experiment Description and Methodology
The system used to measure SEY, shown schematically in Fig.1 and thoroughly described in [13] , is composed of two coupled stainless steel (S/S) UHV chambers where the pressure is in the low 10
−10
Torr scale in the measurement chamber and high 10
−9
Torr scale in the load lock chamber. Samples individually screwed to a carrier plate, are loaded first onto an aluminium transfer plate in the load lock chamber, evacuated to a low 10
−8
Torr scale, and then transferred to the measurement chamber. Pressures are in Torr equivalent N 2 . The measurement chamber has two electron guns and a soft (1.49 keV) x-ray source. One electron gun (energy, 1-3 keV) is used for SEY and SEM, and the other is a "flood" gun for electron conditioning. The x-ray source is used to excite photoelectrons for surface chemical valence and stoichiometry analysis, called ESCA (Electron Spectroscopy for Chemical Analysis), also called XPS (X-ray Photoelectron Spectroscopy). Principles of surface analysis techniques can be found in [14] . The information depth for XPS is < 5 nm, much less than the film thickness of the samples in this study.
After all samples (up to ten or so) are transferred into the measurement chamber, one sample at a time is loaded, on its individual carrier plate, onto an XYZ θ manipulator arm (Vacuum Generators Omniax ). Two thermocouples are available to measure the temperature near the sample, during irradiation or during a sample bake. The back of the samples are heated by electron bombardment, achieved by biasing a tungsten filament negatively with a grounded sample [13] .
A good way to monitor the activation process of the TiZrV non-evaporable getter (NEG) is to record the decrease of the surface oxygen concentration with XPS. During the NEG activation, the surface goes from an oxidized state to a partially metallic state. During XPS measurement the x-ray generated photoelectron current leaving the surface of the sample is measured to be ∼27 nA, over an area of 16 mm 2 . It should be noted that hot Zr is pyrophoric. This is also true for Zr-based alloyed getter like St707 T M (Zr 70 V 24.6 Fe 5.4 ). However, a sample of our Ti 27 Zr 31 V 42 getter, prepared by SAES Getters , of about 1 micron thickness, did not ignite in air when heated up to 350
The electronic circuit for SEY measurement is presented in Fig.2 [4] . The energy of the computer-controlled electron beam coming from the gun is decoupled from the target measurement circuitry. However, the ground is common to both. The target is attached to a Keithley 6487, a high resolution electrometer with internal variable ±505 V supply and IEEE-488 interface. Filter modes of the K6487 were turned off for our measurements. The integration time for each current reading was 167 µs, which is the minimum value for the instrument. The current was sampled one hundred times; the mean and standard deviation were returned from the K6487 to the computer. The SEY (δ) definition is determined from equation (1) . In practice equation (2) is used because it contains parameters directly measured in the experiment.
δ = N umber of electrons leaving the surf ace N umber of incident electrons
I P is the primary current (the current leaving the electron gun and impinging on the surface of the sample) and I T is the total current measured on the sample (I T = I P + I SE ). I SE is the secondary electron current leaving the target.
The selected 2 nA gun current is measured for a gun energy of 0-100 eV by energy steps of 10 eV (0-3000 eV range) over an area of less than a mm 2 . Typically, the beam size is between 0.2 mm to 0.4 mm in diameter. The low current is necessary in order to minimize surface conditioning during SEY measurement. The size of the beam can be checked by using a fluorescent screen, or is inferred from secondary electron microscopical imaging (available on the measurement system and used to precisely choose the point of SEY measurement).
The measurement of the SEY is done while biasing the sample to -20 V. This retarding field repels most secondaries from adjacent parts of the system that are excited by the elastically reflected primary beam. The primary beam current function is measured and recorded each time before an SEY measurement, by biasing the target to +150 V, and with the same step in energy for the electron beam. A fresh current lookup table is created with each measurement. More details on the experimental system and methodology can be found in [13] The SEY curves were obtained with a beam impinging at 23
• from normal incidence or at normal incidence, also labelled "0 deg". The effect on the SEY at such angles of incidence is plotted in Fig.3 . A relationship between the SEY for each angle of incidence can be deduced from equation (3) , reference [4] , and used for comparison with other data.
Where θ is the angle of incidence of the incoming electron beam, X m the average depth of escape of the electrons and α the secondary electron absorption. The product α X m can be deduced for TiN and TiZrV from 
Variation of the SEY of as received TiN films
TiN coating is commonly used to mitigate multipacting in accelerator and storage ring structures [15] . The TiN coatings measured here were deposited at Brookhaven National Laboratory (BNL) onto 6063 aluminium alloy substrates (TiN/Al) and onto type 304 stainless steel substrate (TiN/SS), using the same procedure and setup described in [9] . The expected film thickness was around 1000Å. We measured the sample thicknesses using XRF (x-ray fluorescence) [13, 14] . The results presented in Fig.4 were obtained by comparing the Ti The measured δ max of the TiN/Al samples, as shown in Fig.5 , varies from 1.5 to 2.5, with the thickest samples displaying the lowest SEY. The variation at the SEY maximum may be due to non-uniform samples emitting secondaries with two different yields. The result would be a superposition of two, or more, SEY curves. Figure 5 . SEY of six TiN/Al samples as received, and measured at normal incidence. δ max for these samples is found in Table 1 The highest yield sample had a high concentration of hydrocarbons (from XPS - Table 1) , and some Al as aluminium oxide. Both of these species have elevated SEY. In most of the samples measured, the XPS amount of C is less than 15% surface atom%, which is a typical value for a clean surface exposed to air.
Samples #4 and #6 are contaminated with hydrocarbon, aluminium oxide and magnesium oxide and therefore the SEY results are not those for clean homogeneous TiN, Table. 1.
δ max of the as-received TiN/SS samples, also provided by BNL, varied from 1.7 to 2, when bombarded by a primary beam impinging the surface at 23
• from normal incidence, see Fig.6 . Again, the thickest samples display the lowest values for the SEY. All of these films were coated in one run, in the same setup, following the procedure described in [9] . The thicknesses of the samples should be identical. Only 3 samples of 6 had similar thicknesses, as shown in Fig.4 . The differences in the SEY, in Fig.6 , are surface chemistry and possibly roughness. At energies above 2 keV, electrons penetrate through the ∼150 nm of the TiN film and reach the substrate, suggesting that the bend in the SEY plots Figure 6 . SEY of five TiN/SS samples, as received, measured at 23 • primary incidence. δ max for these samples is found in Table 2 .
(TiN/Al and TiN/SS) seen at this energy is due to a substrate backscatter effect as shown in Fig.5 and 6. The electron backscattering coefficient increases with the atomic number of the elements.
Electron conditioning, bake and related evolution of the SEY
Surface conditioning of two TiN films, deposited on Al and SS substrates, with ∼130 eV electrons, was carried out. In the X-band proposal for the ILC (International Linear Collider) positron damping ring, the average energy of electrons from the cloud was computed to be 130 eV [16] . The effect of electron bombardment on the SEY of TiN over an Al and SS substrate is shown in Fig.7 . These results are in agreement with data obtained elsewhere at other energies [4, 12] , and thus within this energy range, there is a weak dependence with the conditioning electron beam energy. The evolution of the TiN SEY during the electron conditioning shows a smoothing of the irregularities observed near δ max as well as a shift of the maximum energy, to lower energy, where the δ max occurs. The bend at high primary energy in the SEY curves disappears as a function of increasing electron dose. This observation is important as it rules out the previous proposed explanation on an extra contribution in the SEY due to backscattered electrons from the substrate.
The SEY evolution might be explained by the removal or dissociation of contaminants at the surface by electron stimulated desorption (ESD). It is possible that, during air exposure, some of the N of the TiN film was displaced by oxygen. Electron bombardment then breaks the TiO 2 into low-SEY defective Fig.9 .
suboxide. Suboxides of many metals are metallic in their electronic structure [4] , and clean metals tend to have lower SEY than their oxidized counterparts, for examples see ref. [17] . As a result of electron bombardment, the SEY of our technical TiN becomes similar to that of a freshly deposited TiN film [3] .
Two TiN/Al samples provided by Lawrence Berkeley National Laboratory (LBNL) with a deposited thickness of 150 nm were also measured. The samples (#1 and #2) in their as-received state have a δ max of 1.8 to 1.9. No bend can be seen in the SEY plots at 2 keV or more, as shown in Fig.8 . TiN was evaporated from a stoichiometric target with an argon plasma of 1.4 mTorr.
The effect of a sample bake of 150
• C for 2 hours, then an additional 5 hours on one of the samples, was investigated. The heat treatment reduces the δ max to 1.7 and 1.6 respectively, see Fig.8 top figure. A similar reduction from an as-received TiN sample from CERN was previously obtained [6] . The CERN sample SEY dropped from an initial δ max of 1.6 to a δ max of 1.45. From our test, a 7 hour bake does not much further reduce the SEY than a 2 hour bake. Results of higher temperature treatment can be found in [2] and [6] Torr, resulting in gas re-adsorption and a rise in the SEY. The SEY curve of the sample left 12 days in the vacuum is almost identical to the 2 hour bake curve.
Finally, sample #1, after being baked at 150
• C and left in vacuum for 12 days, was then exposed to an electron conditioning of energy 130 eV. The reduction of δ max , from 1.7 ("12 days in vac", as shown in Fig.8 ) to 1.1, obtained with a dose of 5743µC/mm 2 is displayed in Fig.8 and Fig.9 with the following label : TiN/Al#1(LBNL-Baked 150C). The reduction of δ max due to electron conditioning of an as-received sample is also plotted in Fig.9 with the legend TiN/Al#2(LBNL-as received). Electron conditioning is as efficient at lowering the δ max for a TiN film as it is on other technical surfaces. TiN films are fairly chemically passive, but leaving them in vacuum after they have been exposed to electron bombardment leads to some recontamination, presumably because of defect formation (new adsorption sites) [18] . As a result of recontamination, the SEY increases with exposure time as plotted in Fig.10 for three different samples. Intermittently during this period, samples were transferred from the load lock chamber at a pressure of ∼10 −8 Torr to the measurement chamber at a pressure in the mid 10
−10
Torr scale. The exposure to an unbaked load lock chamber vacuum, for a short period of time, seems not to affect the monotonic evolution of the SEY, as shown in Fig.10 .
Application of TiN coating on an artificially rough surface
In some location such as the damping rings of the ILC, the as-installed SEY of the TiN coating will not be acceptable for operation [1] . It is known that roughness can decrease the SEY, so applying the TiN coating to an artificially roughened aluminium surface, like the sample pictured in Fig.11 , provides a way of lowering the initial SEY of a non-conditioned surface.
For this test, a surface with a pattern of triangular grooves was fabricated. The triangular groove parameters are 1 mm depth and an opening angle, α, of 40
• . Theoretical estimations of the reduction, for triangular and rectangular patterns, of the SEY can be found in [19, 20] . Results of the improvements on the SEY obtained by the roughness and the coating of the sample is presented in Fig.12 . As we can see in Fig.12, δ max from the uncoated flat aluminium decreases from 3.2 to 2.4 on the uncoated grooved part. An additional reduction 
SEY results from TiZrV NEG film
An alternative SEY-reducing coating to TiN is sputter-deposited TiZrV getter. Two samples were tested, one TiZrV/SS of ∼ 2µm thickness provided by CERN and one TiZrV/Al of ∼ 1µm thickness from SAES Getters. NEG, when activated, shows a drastic reduction of its SEY, as shown in Fig.13 and refs. [7, 16] . The initial δ max , "as received", is 2 and decreased upon activation to 1.3. It is also interesting to follow the behaviour of the SEY curves when the sample is exposed to a residual gas background in the high 10
−10
Torr scale for an extended period of time. The SEY of the TiZrV/SS goes up with time when exposed to even such good vacuum, reaching 1.75 after 145 days, see Fig.13 and Fig.14, open circles. Using the average pressure of 10
−9
Torr in the system for the 145 days the NEG was in vacuum, we compute an N 2 equivalent exposure of 12528 L (1 L= 10
Torr-s). In ref. [7] , it was found that the influence on the SEY after exposure to 30 000 L of CO, CO 2 , H 2 O and H 2 is rather small. δ max increased from 1.1 (fully activated CERN NEG) to 1.35 (max). Thus according to [7] , the SEY of an activated TiZrV coating left under UHV vacuum should not exceed the critical value of 1.35.
Recent results obtained at CERN, from electron cloud (EC) studies for the Large Hadron Collider (LHC) [21] , agree with a saturated SEY value below 1.4 [7] . In the CERN-LHC experiment carried out at the Super Proton Synchrotron (SPS), a section of the machine was replaced with a TiZrV NEGcoated chamber. After activation (200 • C, 2 hours) the section was opened to an unbaked vacuum from the SPS. After the NEG was saturated and in the presence of an LHC-type beam, no EC developed, suggesting that the SEY must be below 1.4. This CERN experiment is identical to our experiment, where the sample in the measurement chamber occasionally was exposed to the unbaked vacuum of the load lock, for less than 5 minutes at a time, or was exposed to desorbed gas either from a baked sample or from the gas released during electron conditioning. The discrepancy between our other result (δ max = 1.8), after an initial activation, and the CERN one (δ max = 1.4)
is not yet understood and under study.
However, our CERN getter sample was then activated a second time (Fig.13 , dotted line). This time the δ max dropped to 1.2. The value of δ max upon recontamination in UHV went up to 1.4 and appears to have saturated, blue triangles in Fig.14 . We note that after electron conditioning and 34 days in a vacuum of a few 10
−10
Torr, the δ max is ≈1.4 (Fig.14, blue crosses) . Thus, these two results are in agreement with CERN data. It is also important to keep in mind that an activated NEG surface will not "remember" its previous surface chemical state. For example the chemical state of a surface which has been conditioned by 130 eV electrons, is "erased" by re-activation.
Results similar to the CERN sample were obtained for the SAES getter sample, i.e TiZrV/Al (δ max = 1.2 after activation), which reached 1.45 after having been left 18 days in vacuum, as shown in Fig.14 (gray diamonds) . During the 50 days the sample was in vacuum, the δ max saturated (1.5), or was evolving very slowly. During the time this TiZrV/Al was kept under vacuum, other samples were loaded into the measurement system and a TiN/Al sample was baked. Hence, the TiZrV/Al has seen unbaked vacuum (∼ 5.10
−9
Torr) and thermally-desorbed gas from the TiN/Al.
A second bake was then performed on the SAES sample and the evolution of SEY versus time is plotted in Fig.14 (gray asterisk) . The average pressure in the system, over time, was below 10
Torr. The δ max reached 1.54 and appeared to level off. After 137 days that this TiZrV/Al sample was left in vacuum, electron conditioning was performed. Results are plotted in Fig.15 (tilted pale triangle). δ max decreased from 1.57 to 1.07 at a dose of 8425 µC/mm 2 , and the maximum energy associated to δ max shifted from 330 eV to 370 eV. These are pertinent results, suggesting that it might be necessary for TiZrV NEG kept in an air environment for a while, to be activated twice to achieve its full properties.
XPS analysis of the C1s and Ti2p peak
XPS analysis was carried out to observe the evolution of the carbon chemistry from bake through conditioning as well as monitoring the effect of recontamination in UHV. In Fig.16 and Fig.17 are displayed C1s photopeaks obtained by doing XPS at a 0.25 eV step. A few plots were taken with 1 eV step. All XPS spectra were collected at room temperature.
The XPS data obtained for the TiZrV/SS during three different processes is shown in Fig.16 . On the left hand side, the NEG is baked at 210 285 eV (amorphous/graphite) and 288 eV (oxidized C-O). A C surface will show a single peak at 285 eV, binding energy (BE). A single bonded C-O surface will create a peak at higher BE, 288 eV. During NEG activation a peak at 283 eV appears, as shown on the curve labelled : NEG at 180
• C, see Fig.16 . This spectrum was taken at the end of the activation, when the NEG was still warm. The 283 eV BE peak is a typical metal carbide state, probably of Ti (Ti-C) which should be present after a fully successful activation [7] . The XPS spectrum of the carbon from the TiZrV/SS, after the two activations, shows the presence of carbide and amorphous/graphite carbon peaks.
After the first activation, see Fig.16 left plots (NEG at 180
• C), the carbide at 283 eV BE disappears due to pumping action of the activated NEG. The spectrum shifts to pure C and oxidized C, respectively at 285 eV and 288 eV BE; comparison of curves labelled "NEG at 180C" and "NEG 11 days Vac". After 65 days in vacuum, the oxidized C peak increases. The SEY reflects this change in chemistry, as shown in Fig.13 and 14 . After the second activation, right bottom plot in Fig.16 , the carbon chemistry is quite different. The carbide peak after 50 days in vacuum is still present. The broadening, results of the 1 eV resolution, of the "50 days in vac" spectrum is due to oxidation of the carbon. This oxidation, however, is minimal and the δ max saturates below 1.4, Fig.14 (blue triangles) .
This chemistry scenario, for CERN NEG, is reproduced with the SAES getter TiZrV/Al, in Fig.17 (left and right plots) . The fully activated NEG presents a carbide peak (283 eV) and a amorphous/graphite carbon peak (285 eV).
When left in an UHV atmosphere, moderate carbon oxidation occurs and a peak appears at ∼289 eV BE. The NEG pumped the residual gas and the carbon peak (285 eV) rose. Oxygen pumped by the NEG is probably bounded on the Ti and the Zr and not on the C. However, in one case, the carbon did highly oxidize (C=O, double bonded) as plotted in Fig.16 (left) and, as a result, the SEY did not saturate below 1.4, as expected [7] . Figure 17 . XPS C1s peak, fits, of a TiZrV/Al film after first (left) and second (right) bake out, and left in UHV.
During the processes the getters have endured, we have monitored the evolution of Ti 2p 1/2 and 2p 3/2 . No shift in BE energy or peaks intensity was observed. The SEY max of the TiZrV/Al, after one activation, levels off around 1.5, Fig.10 (red diamonds). As a comment, the 283 eV peak is never present on a TiN thin film, either from heating at 150 Torr atmosphere of ethylene (C 2 H 4 ) [22] .
Conclusion and Perspective
The variation in the production of thin TiN film, prepared at the same time in the same system has been presented. This variation is important in an accelerator system where EC can arise. An inhomogeneously coated beam vacuum chamber will have a patchy δ max . For the ILC damping ring, where the onset of the EC is a sudden phenomena, as documented in [1] , inhomogeneous coating will create locations where the EC can develop and cause beam blow up and instabilities. However, as the EC develops, conditioning of the surface by electrons will bring the SEY to a value where the EC will be suppressed. The δ max reached at a dose of 1 mC/mm 2 was 1.1 for TiN on SS or Al substrates. Recontamination in UHV does result in an increase of the SEY by less than 20%, as shown in Fig.10 . Combining a triangular grooved surface with a TiN coating, which has been exposed to air, is an efficient solution for suppressing the EC, see Fig. 12 . However, an artificially rough surface interacts more strongly with a passing beam than does a smooth one, so care has to be taken in the design of such surfaces.
In the case of TiZrV/SS, the influence of activation, electron conditioning and pumping recontamination were investigated. δ max increased from ∼1.2, obtained after activation, and seemed to saturate at ∼1.4 after 40 days of exposure to a vacuum of ∼ 5.10
−10
Torr. This second set of data after activation agrees with CERN results [7] , i.e. that saturated NEG and conditioned NEG both have a δ max below 1.4. The TiZrV/Al sample produced similar results, i.e. the maximum SEY levelled off at 1.5 after 46 days. Electron conditioning of TiZrV/Al NEG by 130 eV electron beam, is also efficient at reducing the SEY of the surface below 1.2 at a dose of 1 mC/mm 2 . These results are very encouraging for choosing TiZrV as a solution for suppressing the EC. The SEY reached during recontamination by an UHV atmosphere, compared to the SEY obtained by exposure to a high dose of gas (CO 2 , CO, H 2 O and H 2 ) is different and is above the 1.35 δ max limit obtained in ref. [7] . Studies on a Mg getter surface show a difference in chemistry between a surface briefly exposed to air or left in air for a longer period of time [23] . A Mg surface briefly exposed to air forms MgO oxide. When left in air for a month, chemistry of the Mg surface shows that the main oxide is Mg(OH) 2 . Mobility of atoms on the surface might be the reason for the difference between a dose activated NEG surface and a NEG left pumping the residual gas of an UHV system.
In an accelerator, the EC is going to be one of the elements responsible for conditioning the walls of the beam chambers. When the SEY decreases, the efficiency of the electron conditioning will decrease as well (fewer electrons, slower conditioning), reaching a limit where the recontamination from the accelerator vacuum dominates, thence making the EC reappear. However, in a dynamic vacuum, the contribution of photon [24] and ion conditioning could be the key to preventing the re-increase of the SEY. We are measuring the SEY of thin film coatings, exploring durability and conditioning strategies, investigating a new surface profile design and finally planning to install test demonstration chambers in PEP-II at SLAC. In particular, coated samples will be arranged in a high synchrotron radiation region and grooved chambers will be installed in the straight sections in PEP-II. We also plan to investigate ion conditioning by several different species of ions, as well as different impact energies. This study will be based on the expected vacuum conditions and beam parameters of the ILC damping ring.
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